In this study, we compared the antioxidant activities of cyanidin-3-O-glucoside (C3G) and C3G liposomes.
Introduction
Cyanidin-3-O-glucoside (C3G), which is an anthocyanin that belongs to the avonoid family and commonly present in human diet, has exhibited anti-inammatory and anti-oxidant effects.
1-3 C3G can scavenge free radicals, reduce the level of oxidative stress, and prevent the oxidation of biomolecules. 4 Studies on the use of anthocyanins as valuable natural alternatives to synthetic food colorings have increased in recent years. Moreover, anthocyanins have potential free radical-scavenging activities that prevent low-density lipoprotein oxidation and positively affect chronic gut inammatory diseases, obesity, and inammation.
1, [5] [6] [7] [8] [9] Several studies reported that C3G protects against the adverse effects of UV-B radiation, controls the key aspects of tumorigenesis, inhibits the proliferation and induces the apoptosis of cancer cells, reduces oxidative stress, ghts H 2 O 2 -induced oxidative stress in human embryonic kidney (HEK-293) cells, and induces cell apoptosis and inhibits cell migration in TNF-a-challenged RASMCs in vitro. [10] [11] [12] [13] [14] [15] [16] Fratantonio found that C3G pretreatment effectively reverses the effects of PA on the PI3K/Akt axis and restores the eNOS expression and NO release. 17 Sivasinprasasn revealed that pretreatment with C3G inhibits the NF-kB signaling pathway.
18
Liposomes are vesicles in which small aqueous volumes are surrounded by bilayer membranes that are normally composed of phospholipids. 19 Liposomes enhance the stability and activity of encapsulated materials by protecting them from the environment and liposomes can protect and improve the activity of bioactive compounds, which makes them ideal candidates for drug delivery and enhancing antitumor immunization y, [20] [21] [22] [23] [24] [25] numerous research on the application of liposomes as protective membranes in food and pharmacological systems exist.
26-29
Several studies showed that liposomes can improve the bioavailability of lecithin and can be used as carriers in food systems.
30-32
We used the liposome technology because liposomes can protect embedding materials and thus improve the effectiveness and stability of C3G, which could be used as a carrier.
The objectives of this study were to compare the anticancer and antioxidant properties of C3G and C3G liposomes by assessing the cellular viability in Caco-2 cells exposed to C3G and C3G liposomes. We compared the antioxidant properties of C3G and C3G liposomes through the radical scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and the ABTS scavenging assay. We also evaluated the structure, morphology change, proliferation, and apoptosis of the cells treated with C3G liposomes using Cell Counting Kit-8 (CCK-8), transmission electron microscope (TEM), and FCM.
Materials and methods

Materials
The Caco-2 cells (CBCAS, Shanghai, China) and C3G were purchased from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, China). Phosphatidylcholine (PC) and cholesterol (CH) were purchased from Beijing Shuangxuan Microorganism Co. Ltd. (Beijing, China). Chloroform and diethyl ether were obtained from Hangzhou Jiachen Chemical Company (Hangzhou, China). All other chemicals were reagent-grade. Deionized water was used in all experiments.
Methods
2.2.1 Preparation of G3G liposomes. C3G liposomes were prepared by the reverse-phase evaporation method. 33, 34 Phosphatidylcholine (PC) and cholesterol (CH) were dissolved in chloroform-diethyl ether (W PC : W CH ¼ 2.87 : 1). C3G was dissolved in PBS (0.20 M, pH 7.4). Then, the organic phase was homogenized with the aqueous phase by probe sonication for 10 min. The mixture was transferred to a round-bottomed ask. The organic solvent was evaporated under reduced pressure with a rotary evaporator to form a gel. Then, 30 mL of phosphate-buffered solution was added to the gel, which was then probe-sonicated for an additional 25 min. The as-prepared liposomes were stored at 4 C for further study.
Morphology and size of the liposomes.
A transmission electron microscope (JEM-2100, Japanese Electronics Co., Ltd., Tokyo, Japan) and a particle size analyzer (Zetasizer NanoZS 90, Malvern Company, Malvern, UK) were employed to determined the microstructure and size of the C3G liposomes. A drop of liposomes was placed on a Formvar carbon-coated copper grid using the negative staining method (200 mesh, 3 mm diameter HF 36) for 5 min, and then to the image. 2.2.3. Antioxidant assay 2.2.3.1 Radical scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH). The radical scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was measured according to a previously described method with a few modications.
36
Briey, 2 mL of DPPH solution (0.2 mmol L À1 , in ethanol) was mixed with 2 mL of the sample at different concentrations (0.015, 0.020, 0.025, 0.030, 0.035, and 0.040 mg mL À1 ). Then, the solution was thoroughly mixed and kept in the dark at room temperature for 30 min before evaluating its absorbance at 517 nm using a spectrophotometer. Ethanol was used as the control. The DPPH radical scavenging activity of the sample was determined using the following formula: conducted to measure the radical scavenger activity. 39 The radical scavenging capacity of the samples for the ABTS (2,2 0 -azinobis-3-ethylbenzothiazoline-6-sulfonate) radical cation was determined as described previously. 40, 41 ABTS was generated by mixing 7 mM of ABTS and 140 mM of K 2 S 2 O 8 (potassium persulfate) and stored in the dark at room temperature for 16 h before use. The mixture was diluted (1 : 80) with ethanol to achieve absorbance at 734 nm using the spectrophotometer. The sample with different concentrations (0.015, 0.020, 0.025, 0.030, 0.035 and 0.040 mg mL À1 ) was diluted with 100 mL of the required amount to react with the fresh ABTS solution (900 mL). Then, the absorbance was measured 6 min aer initial mixing.
All measurements were performed in triplicate. The inhibition of ABTS by the samples was dened as:
where A 734 indicates the absorbance measured at 734 nm.
Cell culture.
The Caco-2 cells (CBCAS, Shanghai, China) were maintained in MEM (Hyclone Laboratories, Inc., USA) and supplemented with 10% FBS (Gibco BRL Co., Ltd., USA), penicillin (100 kU L À1 ), and streptomycin (100 g L À1 ) at 37 C in a 5% CO 2 atmosphere in a humidied incubator.
42,43
Aer reaching 70-80% conuence, the cells were sub-cultured and maintained with medium changes every 1-2 days. 2.2.5 Cell morphology. For the document morphological changes in Caco-2 cells in response to the different concentrations of C3G liposomes, the cells (control and C3G liposomes exposed) were washed with PBS aer 12 h of incubation. The phase contrast images of the cells exposed to the C3G liposomes were obtained using an inverted microscope (Nikon Eclipse Ti, Nikon, Shinjuku, Tokyo, Japan) at 200Â magnication. 2.2.6 Microscopic assessment of Caco-2 cells. To observe the changes of organelle in Caco-2 cells in response to C3G liposomes, the cells (control and C3G liposomes exposed) were washed with PBS aer 12 h of incubation, harvested with trypsin-EDTA solution, and centrifuged at 1000 rpm for 5 min. Then, the specimen was xed with 2.5% glutaraldehyde in phosphate buffer (pH 7.0) for 12 h, washed three times in the phosphate buffer, post-xed with 1% OsO 4 in the phosphate buffer (pH 7.0) for 1 h, and washed three times with phosphate buffer. The specimen was dehydrated by a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for 15 min at each step, transferred to absolute acetone for 20 min, placed in a 1 : 1 mixture of absolute acetone and nal Spurr resin mixture for 1 h at room temperature, transferred to a 1 : 3 mixture of absolute acetone and nal resin mixture for 3 h, and then to the nal Spurr resin mixture overnight. The specimen was placed in capsules containing the embedding medium and heated at 70 C for about 9 h. The specimen sections were stained by uranyl acetate and alkaline lead citrate for 15 min and observed under a TEM (JEM-2100, Japanese Electronics Co., Ltd., Tokyo, Japan). 2.2.7 Cell proliferation. Cell proliferation was tested by the CCK-8 assay (Beyotime, Shanghai, China). The Caco-2 cells were prepared and dispersed in 96-well cell culture plates at a cellular density of 1.0 Â 10 5 cells per well. Aer incubating with different concentrations of C3G and C3G liposomes for 24 h, 10 mL of CCK-8 solution in PBS was added to each well and incubated at 37 C for 2 h. The results were calculated as the absorbance of the treated cells relative to the untreated controls. Cell proliferation was assessed by a microplate reader at a wavelength of 450 nm. 2.2.8 Apoptosis measurement with FCM. Cell apoptosis was measured using the Annexin V-FITC/PI apoptosis detection kit (Solarbio Life Sciences, Beijing, China). The cells were seeded into 6-well plates at a density of 1 Â 10 5 cells per mL per well. Aer exposure to the indicated concentrations of C3G and C3G liposomes for 12 h, the cells were harvested, washed with PBS, and then resuspended in 400 mL of binding buffer. Finally, the cells were stained with 5 mL of Annexin V and 5 mL of PI in the dark for 15 min at room temperature. All samples were then analyzed using a ow cytometer. 46 The apoptosis rates at each concentration were recorded.
2.2.9 Statistical analysis. All experiments were performed thrice per sample. The results were presented as means AE standard deviations from at least three independent measurements. Statistical analysis was performed using SPSS version 21.0 for Windows (International Business Machines Corporation, Armonk, NY, USA). Fig. 1 shows that the size distribution curve of the C3G liposomes was a normalized curve that reveals the size variation among particles. Meanwhile, Fig. 2 34 the average diameter and polydispersity of C3G liposomes is 165.78 AE 4.3 nm and 0.143 AE 0.025, the encapsulation efficiency of C3G liposomes is 70.43% AE 1.95%. Fig. 1 The particle size of C3G liposomes. 47 However, DPPH assay is the most authoritative method and thus employed in this study to compare the antioxidant activities of C3G liposomes, C3G, and vitamin C (Vc). In the DPPH radical scavenging assay, the variable concentrations (0.015, 0.020, 0.025, 0.030, 0.035, and 0.040 mg mL À1 ) of the samples showed dose-dependent inhibition percentages. The results of the antioxidant activity assays using DPPH (expressed as TEAC and VCEAC) are presented in Fig. 3 . As shown in Fig. 3 , the scavenging abilities increased with the increasing sample concentration. The Vc group was the general control group. C3G and C3G liposomes showed strong DPPH radical scavenging abilities. The scavenging rate of C3G liposomes reached 90.8% AE 0.016% at 0.04 mg mL
Results and discussion
Characterization studies
shows a representative TEM image of the C3G liposomes. The nanoparticles exhibited spherical shapes, and the size of the C3G liposomes was approximately 200 nm, from our previous study,
À1
, which was 7.7% higher than that of C3G (88.7% AE 0.015%). Vc showed a 75.6% DPPHc radical scavenging ability at 0.04 mg mL À1 . , the number of cells decreased and apoptosis and necrosis were observed. Microscopic studies indicated that the cells exposed to C3G liposomes at higher doses became abnormal in size, acquired an irregular shape, and displayed cellular shrinkage. This cell morphology study indicated that C3G liposomes could inhibit proliferation and induce the apoptosis of Caco-2 cells.
3.3.2 Microscopic assessment of Caco-2 cells. The Caco-2 cells were treated with C3G liposomes for 12 h, and the cells cultured in the free medium were taken as the control. The images of the cells (control and C3G liposomes exposed) are shown in Fig. 6 . As presented in Fig. 6 , the cells treated with C3G liposomes exhibited changes in several organelles. First, the number of fat droplet increased aer being treated with C3G liposomes, indicating that C3G liposomes could affect the number of fat droplet. Second, the number and morphology of mitochondria that had some changes were treated with C3G liposomes. Compared to the control, the number of mitochondria decreased, and the structure of the mitochondria changed aer being treated with liposomes. Fig. 6 shows that some swollen mitochondria appeared, and the structure of mitochondria changed. The ridge of mitochondria disappeared with the liposome treatment. Third, a few physalides appeared in the treated cells. In summary, the microscopic structure of cells exhibited some changes with the treatment of C3G liposomes. In addition, the changes in the numbers and structures of mitochondria and fat droplet led to the appearance of physalides, thereby indicating that C3G liposomes had an effect on the microscopic structure of cells and the mechanism of the changes of these organelles needs further study.
3.3.3 Cell proliferation. The Caco-2 cells were exposed to C3G and C3G liposomes (0-0.25 mg mL À1 ) for 24 h, and their activity was monitored by the CCK-8 assay.
The CCK-8 assay results demonstrated a concentrationdependent activity aer exposure to C3G and C3G liposomes (Fig. 7) . CCK-8 assay was used to compare cell proliferation at different concentrations of C3G and C3G liposomes. The lowest and the highest cell proliferations were observed in cells treated with C3G and C3G liposomes, respectively. At the end of the 24 h growth study, the cell proliferation in cells exposed to C3G liposomes was 42.8% lower than that on C3G at 0.20 mg mL ( Fig. 7) as the cell proliferation is 51.2% when cells exposed to C3G. The result demonstrated that C3G liposomes signicantly inhibited tumor cell proliferation compared to C3G. The mechanism for increasing or improving the bioactivity of C3G liposomes needs to be investigated further.
Apoptosis measurement with ow cytometry analysis.
The Caco-2 cells were treated with different concentrations of C3G and C3G liposomes for 12 h. Cell apoptosis was measured using the Annexin V-FITC/PI apoptosis detection kit. The results are shown in Fig. 8 and 9 , and the percentage of apoptotic cells is shown in Fig. 10 . Fig. 10 shows that the cell apoptosis rates in different concentration groups signicantly increased compared with those in the control group. The cell apoptosis rates (relative to control) observed aer C3G liposome exposure at 12 h with 0, 0.05, 0.10, 0.15, 0.20, and 0. 25 
Discussion
We compared the antioxidant and anticancer activities of C3G and C3G liposomes and studied their effect on the Caco-2 cells in this study. Results showed that the liposomes protected the C3G from the inuence of the external environment. In addition, C3G liposomes could inhibit proliferation, affect the microscome structure, and induce the apoptosis of Caco-2 cells.
C3G is a potent antioxidant that displays anticancer properties in vitro and in vivo. 11, 49, 50 However, few studies have evaluated the antioxidant and anticancer properties of C3G liposomes. The results of this study revealed that C3G liposomes inhibited cell proliferation and affected cell morphology and structure in certain concentrations. However, this work did not focus on the molecular level of C3G liposomes to study their properties and effects on Caco-2 cells. Several studies have investigated the effect of C3G on cells at the molecular level. We think is worthwhile to study the effect of C3G liposomes on cells at the molecular level.
In this study, we have investigated the effect of C3G liposomes on cells, not nanoliposomes. In the future studies, we will use the C3G nanoliposomes to culture cell to study the effect of nanoliposomes to cells in molecular level, so a smaller size of C3G nanoliposomes is expected, and because the liposomes were used as carriers, the size is smaller, and they are more effective. At the same time, the uniform particle size can improve the stability of liposomes, a new method for preparation nanoliposomes is important in our further study.
Therefore, we will use a new cell culture model to investigated the mechanisms of the anticancer and antioxidant activities with C3G nanoliposomes at the molecular level in future study. At the same time, the properties, expression of specic genes and proteins, effects and mechanisms of C3G liposomes on cancer cells will explored in the further study.
Conclusion
The antioxidant and anticancer activities of C3G and C3G liposomes were studied in this work. The ABTS and DPPH assay results showed that C3G liposomes processed the highest antioxidant activity compared with C3G and Vc, indicating that liposomes protected C3G from the inuence of the external environment. The anticancer activity results showed that C3G liposomes could inhibit proliferation and induce apoptosis of the Caco-2 cells. The microscopic assessment of Caco-2 cells showed that C3G liposomes affect the microscopic structure of Caco-2 cells. The FCM results showed that C3G liposomes could significantly induce (p < 0.05) cell apoptosis in Caco-2 cells in a dosedependent manner.
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